A hollow fibre (HF) polypropylene membrane gas absorber was investigated for the removal of hydrogen sulphide (H 2 S) from gas streams. Gas concentrations between 25-2010 ppmV were fed into the shell side of a membrane module whilst water-NaOH solutions flowed counter-currently in the fibre lumens. The process was effective at removing the H 2 S (96% at G:L ratios up to 50 and pH 13) from the gas phase in a single pass through the membrane at all the concentrations of H 2 S investigated. Analysis of the mass transfer process revealed the rate of transfer to be controlled by the gas phase transfer coefficient with a value between 1 and 25x10 -4 m.s -1 . The possible integration of a membrane absorber system into existing odour treatment strategies was assessed by comparing the membrane system, based on the experimentally determined mass transfer coefficient, with existing full scale biofiltration plants. The membrane system became economically favourable at gas flow rates lower than 1630 m 3 .h -1 .
INTRODUCTION
Odours in wastewater treatment arise mainly from the anaerobic degradation of sewage during transportation and treatment. Other odours arise from sources such as industrial wastewaters (solvents, volatile organic compounds) or sulphurous effluents [1] .
Many compounds have been identified in sewage works odours and include reduced sulphur and nitrogen compounds, organic acids, aldehydes and ketones. The most significant of these is hydrogen sulphide (H 2 S) which is the most abundant odour source in municipal sewage works. The formation of hydrogen sulphide arises from either the reduction of sulphate or the desulphurisation of organic compounds containing sulphur. the membrane system include the provision of a constant surface area for absorption, decoupling of flow rates and reduced operating and maintenance costs due to the absence of moving parts [2] . The main disadvantage of membrane absorbers is the additional resistance to mass transfer imposed by the membrane which can have a detrimental effect on the overall rate of transfer.
Membrane contactors have been used in a variety of applications, from blood oxygenation [4] , to the absorption of a number of acid and alkaline gases such as, carbon dioxide, sulphur, ammonia etc into various solvents or aqueous solutions (water, soda etc), as demonstrated by Qi and Cussler [5] and Karoor and Sirkar [3] . Commercially gas absorbers are used for the carbonation/nitrogenation of beverages in the drinks industry [6] .
In the present study, a HF membrane based gas/liquid absorption process, with the intention of being employed for use for contaminated gas cleanup, was investigated. The test contaminant was hydrogen sulphide and the absorbent, a dilute caustic solution. The aim of the current research was to derive design numbers and assess how this technology could be integrated into an existing odour treatment strategy thorough comparative analysis with published case studies. Analysis of H 2 S removal was studied under various conditions such as water chemistry, inlet gas concentration and operating conditions of the absorber. (ii)
For highly soluble gases, on the other hand, the liquid resistance is removed from the overall equation due to H being several magnitudes higher. In this instance the overall transfer equation simplifies to:
Hydrogen sulphide absorption in NaOH solutions has also been reported as gas film controlled, and so mass transfer coefficients can be calculated from the following, as described by Costello et al. [8] and Li et al. [9] .
where Q g is the gas flow rate (m 3 .s -1 ) and A T represents the transfer area (m 2 ). C ig (ppmV) and C og (ppmV), represent the inlet and outlet concentrations, respectively.
MATERIAL AND METHODS

Experimental Procedure for H 2 S absorption
The microporous membrane gas absorber, illustrated in Figure 2 , was similar in design to that described by Kong and Li [10] . The HF cartridge used in the study was supplied by Intersep Ltd (UK) with the estimated membrane specifications listed in Table   2 . The feed gas, which was a mixture of H 2 S in balance with synthetic air (N 2 + O 2 ), was taken from 25, 500, 1000 and 2000ppmV bulk cylinders (BOC Gases, UK) and various concentrations obtained by diluting with air through an additional rotameter. The gas mixture was then passed through the fibre shell at the desired flow rate and a dilute caustic solution was pumped counter-currently from the bottom of the shell through the fibre lumens.
When the contact solvent was used at pH 7, samples were taken directly into 25 ml bottles for sulphate analysis at a later date through spectrophotometry using a wet chemical method (HACH Method 8131, HACH Ltd, 1998). When using the contact solvent at pH 13 (10% NaOH), samples were taken and stored with an anti-oxidant solution (Standards Methods 4500 S 2-
.G) with the purpose of inhibiting the oxidation of sulphide and to provide a constant ionic strength solution. Sulphide measurements were obtained using an ion probe and sulphorous compounds measurements checked through atomic absorption. Obtained experimental data was compared to theoretical values which were found by determining the mass balance through the system.
Determining Outlet Gas Concentraions
Outlet gas concentrations were measured using a gas data logger (Odalog, Australia), which had a range of 1 to 200 ppmV H 2 S. The instrument was calibrated prior to each run against a concentration of 25 ppmV or 170 ppmV, depending on the gas flow concentration used for that particular experiment.
RESULTS AND DISCUSSION
H 2 S Absorption
After establishing equilibrium, which was found to occur within five minutes, gas phase data showed that the removal efficiency of H 2 S, upon a single pass through the membrane unit, to be strongly dependent on the liquid contactor pH. At a pH of 7.5, removal efficiency was found to decrease in a linear fashion as a function of gas to liquid (G:L) ratio, with a gradient of -2.06 and a regression coefficient of 0.66, illustrated in Figure 3 . An example of this relationship, can be seen when the G:L ratio was increased from 1 to 21 there was a corresponding decrease in removal efficiency, from 95 to 56%, respectively. In contrast to this finding, at a contact solvent pH of 13, removal efficiency remained at a constant level of over 97% for G:L ratios between 1 and 50. It is these contrasting findings that demonstrate the impact of altering the alkalinity of the contact liquid on H 2 S removal. The function of pH on removal performance (v) is due to the fact that H 2 S is a weak dibasic acid which dissociates in water [11] . [12] with the latest estimates tending to be higher in value [12] .
At a neutral pH, approximately 50% of the total H 2 S is present in it's molecular form and it is in this state that odour problems occur [14] . Above pH 7, the majority of sulphide is present in ionic form, as either HS -or S indicating that the reaction was occurring at the gas/liquid interface at pH 13 and pH 7, respectively. These findings were in agreement with results published by Qi and Cussler
[5], who found that the reaction of H 2 S in a caustic solution to be almost instantaneous, thus negating the liquid side resistance to mass transfer.
After a single pass of H 2 S through the membrane module, the residual gas concentration, under an operating pH of 7.5, C go (ppmV), showed a logarithmic trend with respect to the liquid flow rate (ml.min -1 ), in the form:
Where a (min.m -3 ) and b (m -3 ) are constants. It was discovered that the value of exponent a decreased in a linear relationship (R 2 = 0.96), from -4.9 to -2.1, as the rate of the inlet gas flow was varied between 1200 and 850 mL.min -1 , respectively. From this it was obvious that the process of absorption in the membrane unit was more sensitive to liquid flow rate at higher gas flows (Table 3 ). An example of this relationship between liquid and gas flow rate can be seen when operating at a gas flow rate of 1200 mL.min -1 . In this instance the outlet gas concentration decreased from 17 to 4 ppmV as the liquid flow rate increased from 50 to 650 mL.min -1 . Alternatively, when the gas flow rate was set at 850 mL.min -1 , the effluent gas concentration decreased from 7 to 1 ppmV over the same range of liquid flow rates (Figure 4 ).
Mass Transport Analysis
Overall mass transfer coefficients were calculated as both a function of gas and liquid flow rates at pHs between 7.5 and 13. The mass transfer coefficient ranged between 0.17x10 -4 and 4.07x10 (Table 4) .
Experimental data produced mean K G ranges from 0.72 to 3.45x10 -4 m.s -1 as the gas flow rate was increased from 850 to 5000 mL.min m.s -1 , at corresponding gas phase concentrations of 600, 524 and 5000 and 2010 mL.min -1 , respectively ( Figure 6 ). From these findings, no direct correlation could be found by combining the two parameters in the form of inlet mass loading rate.
In contrast to the findings mentioned previously, K G exhibited a linear relationship with gas velocity under all experimental conditions. Figure 7 shows that at pH 13, an increase in the gas phase velocity from 0.008 to 0.067 m. (Table 4) . It can be seen that the greatest influence on mass transfer was the gas velocity of the H 2 S and the pH of the contact liquid absorbent. The variation in linear gradient of K G , as a function of gas velocity, varied between 0.005 and 0.002 at pH 7.5, compared to an average experimental value of 0.037 at pH 13 ( Figure 8 ). [9]. In the current study, the porosity of the polysulfone membrane was considerably lower than that for the polypropylene membrane, but still produced a transfer coefficient which was an order of magnitude higher than the latter.
It was determined that the individual gas transfer coefficient (k g ) contributed up to 93% of the total resistance. The percentage influence of k g was found to decrease to the extent of 62% when gas velocity was increased, indicating a reduction in the thickness of , and had a much higher porosity (0.4). This insensitivity to gas velocity in Li's study is likely to be due to the gas phase boundary layer being reduced to a minimum, even at the lowest investigated velocities.
Industrial Case Study MAS design data, as determined through the current investigation, was compared to existing site information from a series of UK odour treatment sites all of which were designed by the same company, at confidential locations throughout the UK. Site inclusion was limited to locations with sufficient data for comparison. In total 12 sites comprising of: 10 biofilters, 1 catalytic iron filter and 1 adsorption filter were included (Table 5 ). The available information was restricted to flow rate, inlet and outlet concentration, and capital cost. In particular, no operating cost data was available restricting the comparison to capital costs rather than whole life costs. Whilst the latter is the preferred option the lack of available data reflects that in practice capital cost is often the over riding decision factor in selection of ostensibly bolt on technology solutions.
Removal efficiencies of H 2 S varied from 93 to 98% across the sites, with plants treating gas flows up to 12112 m 3 .h -1 , at gas concentrations of between 6.5 and 59 ppmV, producing a residual concentration as low as 0.4 ppmV ( Table 5) .
A simplified economic assessment was performed to take into account the paucity of data and was restricted to a comparison with the capital cost data from the biofilters sites. The approach followed traditional methods whereby the cost of the membrane plant was determined in relation to the cost of the membrane material, per unit area, and an appropriate Lang factor (LF) to adjust to total plant capital cost [19] . The product of the two components generates a cost factor (CF) which represents the total price per unit membrane area for the whole plant and was et to obtain economic parity with the existing biofilters cost. Table 1 . Advantages and disadvantages of membrane gas absorbers Table 2 . Membrane module specification Table 3 . Summary data of logarithmic trend from Figure 6 Table 4. Summary of mass transfer results Table 5 . Summary of case study data 
